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Abstract 



The possibility of studying superstring inspired Eg phenomenology at high 



^ \ energy hadron colliders is investigated. A very simple low energy rank-5 

H ; 

, Supersymmetric (N=l) model is considered, which consists of three scalar- 

Higgses, ^^iLi 2 3 ) two charged-Higgses, , one pseudo-scalar-Higgses, P , 
and an extra vector boson, the Z' . The production of charged heavy leptons 
pairs, L^L'^ , by gluon-gluon fusion and Drell-Yan mechanisms is discussed. 
For gluon-gluon fusion an enhancement in the parton level cross-section is 
expected due to the heavy (s)fermion loops which couple to the gluons. This 
mechanism is expected to dominate over Drell-Yan for L+L^ invariant masses 
above the Z' mass. 



1 



I. INTRODUCTION 



In this paper the production of charged heavy leptons pairs, L^L~ , via superstring 
inspired Eg models, at high energy hadron colhders will be investigated A general 

overview of Eg models will be presented in which several simplifying assumptions will be 
made in order to restrict the L^L^ production computation to a manageable one. In 
particular, a low energy rank-5 model, arising from Eg , will be constructed, with this specific 
application in mind. The L^L^ production cross-sections will then be computed followed 
by a discussion and then finally conclusions. 

Many aspects of the rank-5 models, that will be considered here, are covered in the liter- 
ature. Unfortunately, when trying to extract the particular model dependent information, 
needed for L^L~ production, it appeared that the existing literature was not consistent. 
Therefore, it was felt that in order to avoid any ambiguities that the model should be care- 
fully reconstructed from the ground up. When constructing the model careful attention 
was paid to being as consistent as possible with the literature concerning: factors of two, 
hypercharge conventions, signs, ambiguous notational subtleties, etc. Much of the analysis 
of the model was done by using Mathematica to generate the various couplings, mass 
matrices, etc., directly from the superpotential. This enabled easy comparison with various 
literature sources . Differing conventions and normalizations aside, the most significant 
problem arose with the charged-Higgs, Eq. (^8l), and pseudo-scalar-Higgs, Eq. (^9|) , mass 
terms; a factor two was missing in front of the sin (3 cos (3 terms, op. cit. For example, in 
the case of the pseudo-scalar-Higgs the aforementioned authors disagree to by an overall 
factor of two in their mass- mixing matrices but not in their eigenvalues. As a result, the 
analysis of the mass constraints in the Higgs sector had to be re-evaluated. Figs. ^-j^. In 
addition Appendix]^ contains a summary of the couplings used for L+L^ production which, 
in general, could not be obtained from the literature. 
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II. SUPERSTRING INSPIRED Eg MODELS 



The SU(3)c ® SU(2)l ® U(1)y standard model (SM) is a very successful model [|T^]. It 
has thus far withstood a lot of rigorous experimental testing; however, despite its success 
the SM has many of problems: 

• no unification of the forces 

• gauge hierarchical and fine tuning problems 

• three generations of quarks and leptons for no particular reason 

• too many parameters to be extracted from experiment 

Some of the earlier attempts at unification tried to unify the strong and electroweak 
forces by embedding the SU(3)c ® SU(2)l (S) U(1)y structure into higher groups, such as 



SU(5) and SO(IO). These "grand unified theories" |TT|, or GUT's, were only partially 
successful. The simplest of the GUT's was SU(5) which seemed promising at the time 
because it predicted the ratio of the SU(2)w and U(l)em couplings and the proton lifetime 
| |12| |. However, the ordinary SU(5) GUT is no longer a possibility because more refined 
experimental measurements are now in disagreement with its predictions for the couplings 
and the proton lifetime In addition this simple model had too many parameters and 
no explanation for family replication. The next likely candidate group was SO(IO) ||13|| , 
although the three (or more) copies of the generational structure still had to be inserted by 
hand. 

Difficulties with the SM and GUT models concerning gauge hierarchy and fine tuning 
problems led to theoretical remedies such as technicolour and supersjTiimetry (SUSY) ||14|| . 
The most appeahng of these theories was SUSY [0, which had generators that related 
particles of different spin in the same supermultiplet. The locality of these generators leads 
to supergravity models. SUSY (and its extended versions) however, did not have enough 
room for all of the SM particles ||T^ . To solve this problem direct product structures were 
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made with SUSY and Yang-Mills gauge groups. These structures are now commonly referred 
to as "SUSY" models [l^ll^] • Of course the price paid for this was a large particle spectrum 
(at least twice that of the SM) and the problem of family replication still remained. 

In the early 1970's some interest was sparked in Eg as a GUT when it was discovered 
that all the then known generations of fermions could be placed in a single 27 dimensional 
representation. This ( "topless" ) model [l^ was quite popular because the newly discovered 
T lepton and b quark could also be fitted neatly into the 27; there was no need for a third 
generation. However this model was quickly disallowed, as it was experimentally |jl8| shown 
that the r and b belonged to a third generation, and the idea of Eg as a GUT died. 
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FIG. 1. Eg particle content." The SM particles are shown in the boxes on the left and their "exotic" 
counterparts outside the boxes on the right. Although the exotics are labeled in away that suggests they have 
the same quantum numbers as the non-exotics, in general they need not. The labeling for these particles 
in the literature has not been settled upon and varies quite significantly from paper to paper Here 
the labeling scheme was chosen to reflect a specific Eg model that will be constructed in this paper. In 
particular, all the exotics will carry the "expected" quantum numbers as their non-exotic counter parts do, 
with the exception being L=0 for the primed and double primed ones. 

"Note: Embedded in the 27's is the symmetry group SU(2)i [El due to an ambiguity in the particle assign- 



ments 



and {yl^ <^ Wil) I*^/ Fig. §(d)]. This ambiguity can easily be seen 



the decomposition 27=^„(SO(I0),SU(5)). 
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In late 1984 Green and Schwarz [|T9|] showed that 10 dimensional string theory is anomaly 
free if its gauge group is either Eg Eg or SO (32). The group that had received the most 
attention was Eg (g) Eg as it led to chiral fermions, similar to those in the SM, whereas SO (32) 
did not. Furthermore, it was shown that compactification down to 4 dimensions (assuming 
N=l SUSY) can lead to Eg as an "effective" GUT group. Each family of SM particles now 
sits in its own 27, Fig. ||. The generational problem may be solved because it is expected 
that any reasonable compactification scheme should generate the appropriate number of 



copies of the 27. For instance in a Calabi-Yau compactification scheme pO 

Eg ® E'g — > SU(3) ® Ee ® E'g , 

the number of generations is related to the topology of the compactified space. A further 
assertion that the matter fields remain supersymmetrically degenerate ensures proper man- 
agement of any gauge hierarchical and fine tuning problems. It is assumed that the hidden 
sector. Eg, which couples to the matter fields of Eg by gravitational interactions will provide 
a mechanism for lifting the degeneracy. 

So the inspiration for using Eg is that if it proves to be a possible GUT then it opens 
up the possibility of finding a TOE (Theory Of Everything). However, it should be pointed 
out that Eg is not the only possible stop en route to the SM, but it is the most studied [Q. 
It is for this reason that the low energy phenomenology resulting from Eg will be considered. 

A. Eg Phenomenology 

1. An extra Ze 

In order to produce the SM gauge structure. Eg must be broken. Also, to handle any 
hierarchical and fine tuning problems, SUSY must be preserved . This restriction makes 
the task more difficult, using most naive breaking schemes. The solution to the problem was 
found by using a Wilson-loop mechanism |^ over the non-simply-connected-compactified- 



string-manifold to factor out the various subgroups of Eg. Fig. shows some of the possible. 



popular, rank 5 and rank 6 groups that can be produced by this scheme. As it can be seen, 



(a) Ee SU(3)e ® SU(2)l ® U(1)y®U(1)ye 

(b) E6^SO(10)®U(1)^ 

L SU(5)®U(1), 



ER5M SU(3)c®SU(2)L®U(l)Y®U(l)e 



(i.e., U(l)^(g)U{l)x ^U{l)e in the large VEV limit.) 

(c) Eg SU(3), ® SU(2)l ® SU(2)r ® U(1)l ® U(1)r 

" v ' 

ER5M , , 

^ U(l)v=L+R 

(d) Eg SU(3)c ® SU(2)l ® U(1)y ® SU(2)i ® U(l)' 

^^^^^^^^^^ 

ER5M , , 

^ SU(2)i 

FIG. 2. Eg Wilson-loop-breaking schemes (a) shows a rank-5 model and (b) through (d) show 
rank-6 models. Scheme (a) gives the SM plus an extra U(1)yjj. Schemes (b) through (d) can produce 
effective rank-5 models, ER5M, by taking a large VEV limit. 

the various breaking schemes always give rise to extra vector bosons beyond the SM: in fact 
it is unavoidable [pTH 2^. Here, only the simplest of these models [Fig. 0(a)] which generates 



an extra vector boson, the , will be considered. 



2. The Supermatter Fields 

The most general superpotential that is invariant under SU(3)c ® SU(2)l ® U(1)y and 
renormalizable for the fields given in Fig. |l| is of the form (neglecting various isospin con- 
tractions and generational indices) 0], 

W = Wo + Wi+W2 + W3 (1) 

iyO = Al$R'$Q$„£ + A2$L''^Q'^'d£ + A3$L''^L'^'e- + A4$R' $L' + Ag^rfJ^ ^^J^c 
Wi = X6^d'^^ul^el + Xj^L^d'f^Q + A8$^c^$4$d£ 
W^2 = A9$4$Q$Q + Aio$d^c$„c$rfc 
VF'3 = All$R'$L$^4'c . 
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$A = ^(^, -A) is the superfield, such that A — R', Q, - ■ ■ , and 



Q 



1 $ I 

L \^/L \"/L \'VL 

for the first generation of the 27's, and similarly for the other generations. The Yukawa 
couplings, Aj's, also carry generational which have been suppressed; the couplings are inter- 
generational as well as intra-generational. The superpotential, W, summarizes the entire 
possible spectrum of low energy physics which can occur within the context of an Eg frame- 
work. 

Notice that W was only required to be invariant under the SM gauge group. Further 
constraints from Eg model building may cause some of the Aj terms to disappear. Further- 
more, not all of these terms can simultaneously exist without giving rise to AL^ and 
ABt^ interactions; Eg models say nothing about the assignments of baryon (B) and lepton 
(L) number until they are connected to SM representations. As a result various scenarios 
may occur, 

• Leptoquarks: B{q{^)— | , L{q[^)—1 =^ Ag^Aio^O 

• Diquarks : B(g(^)=- | , L(g(^)=0 =^ Xq=X^=Xs=0 

• Quarks : B{q'^)= ^ , L{q'^)=Q =^ Ae^Ar^Ag^Ag^Aio^O 

where it has been assumed that L(i/|^^)= —1 (these scenarios assume that there exist only 
three copies of the 27; more complicated ones can be constructed by adding extra copies). 
In this paper the least exotic of these models, i.e., the "Quarks," will be investigated. 
Furthermore, to avoid any fine tuning problems with the neutrino masses. 



All « A3, 



it will be assumed Aii=0. 

In this model the masses of the particles are generated by letting the role of the Higgs 
fields be played by 





'^0 


, R' = 


(A 











for each generation. It is possible to work in a basis where only the third generation of 
Higgses acquire a VEV; the remainder become "unHiggses" In this basis the Yukawa 

couplings, 

'fe 

where i,j, k = 1,2,3 are generational indices, takes on a much simpler form, 

A4 e {Af |Af 3 ^ xf^ - Af ^ - , Af 3 = Xl''' = Af ' ^ Af 3 ^ s.t. i = 1, 2 & j, fc = 1, 2, 3} . 

This basis also eliminates the potential problem of flavour changing neutral currents at the 
tree level. It is also assumed that the Aj's are real and that the couplings to the unHiggses 
are very small. The former assumption helps to further simplify the model and reduce any 
effects it might have in the CP violation sector f^. 



B. Heavy Lepton Production 

Eg models are very rich in their spectrum of possible low energy phenomenological pre- 
dictions. If any new particles are found that fit within this framework then perhaps it will 
lead the way to a more unified theory of the fundamental forces of nature. However this is 
no small task, for a full theory would have to be able to actually predict the mass spectrum 
of the particles and the relationships between various couplings, and yet require very few 
parameters. Superstring inspired Eg models are far from being able to complete this task. 
However, proof that Eg is an effective GUT would be a good first step. But even this would 
not necessarily qualify superstrings to be the next step for it is not totally inconceivable 
that some other theory might give rise to Eg as an effective GUT — caveat emptor. 

A natural question to ask would be, "Where to look for Eg phenomenology?" High energy 
hadron colliders, such as the Tevatron at Fermilab (1.8 TeV c.o.m., C ~ lO'^pb^^ /yr , pp) 
or the LHC (14 TeV c.o.m., C ~ lO^pb^^ /yr , pp), offer possibilities of observing phenomena 
beyond the SM by looking for the production of heavy leptons through a mechanism known 



as gluon-gluon fusion p5|j26[] , see Fig. 0. This is a interesting process because there are 




FIG. 3. Gluon-giuon fusion to two heavy leptons, gg — > L+L^. The loop contains quarks, q, which 
couple to vector bosons, ^i=i,2, scalar-Higgses, H^^^^2 3^ ^-nd a pseudo-scalar-Higgs, P° , and squarks, 
which couple to scalar-Higgses. 

enhancements in the cross-sections related to the heavy (s)fermions running around in the 
loop. The computation was done in the minimal supersymmetric standard model (MSSM) 
by Cieza Montalvo, et al., in which they predict O {10^) events /yr. Therefore for Eg 
is it expected that the production rate should in principle be higher since there are more 
particles running around in the loop. 




FIG. 4. Drell-Yan, direct, production to two heavy leptons, qq — > L+L 



The other contribution to L~^L production is the Drell-Yan mechanism, see Fig. ^ In 
general, this is expected to be small for L^L^ invariant masses above the Z resonances 
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25| , |26[] . Indeed, for MSSM it is the least dominant effect. However, since Eg has an extra 
vector boson, Z' , that is fairly massive, it is expected that Drell-Yan production will compete 
with gluon-gluon fusion below the Z' threshold. 

These processes will be investigated in this paper. 



III. A LOW ENERGY Eg MODEL 



In section |, a general overview of superstring inspired Eg models was given. In addition, 
several comments were made about the type of model that would be presented. We shall 
now expand on these assumptions to determine their low energy consequences. 

There are many ways of breaking Eg down to SM energies. Invariably these breaking 
schemes lead to SM phenomenologies which contain extra gauge bosons. Here a rather 
simple model was chosen in which only an extra Z, the Z' , is produced 



Eg 



SU(3)c ® SU(2)l ® U(1)y ® U(l) 



Ye 



[cf. Fig. In general the Z' can mix with the SM Z to produce the mixed states 

Zi = cos (f) Z + sin Z' , 
Z2 = — sin (p Z + cos Z' , 



(2) 
(3) 



[cf. Eq. (H)]. 

Recall that in order to avoid potential problems with fiavour-changing-neutral currents, 
at the tree level, a basis was chosen in which the third generation of primed-exotic-sleptons 
were assigned to play the role of the Higgses 



L' 



1 '^-TL ' 



(4) 



{i.e., R3 = L3) or by redefining L3 , R3 and v'^'^., in terms of the complex-isodoublet fields, 
$1 and $2 , and the complex-isoscalar field, $3 , respectively, Eq. becomes 
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$1 











, $2 = 











(5) 



Af3 



Af^ 



(6) 



This assignment was accomplished by setting 

i = l,2 

^3ifc ^ ^j3k ^ ^jk3 _^ Q j,k = 1,2,3 

in the superpotential, Eq. (|Tp, where the ijk^s are generation indices. Therefore in order to 
avoid lepton-number violation the lepton-numbers of all of the primed and double-primed 
exotic-leptons must be zero. 

Further restrictions were placed on the superpotential by requiring that the baryon and 
lepton numbers of the exotic-quarks, q' , of the 27's (Fig. |l[), are the same as those of their 
non-exotic SM counterparts 0]: 

1 







Afi — A? — As — Aq 



A 
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0, 



Also All was set equal to zero in order to avoid any fine tuning problems with the uf masses 



With all the aforementioned assumptions about the Yukawa couplings, the superpotential 
now simplifies to 



W = AiZ$5r2$R'$„c + A2«$L'T2$Q$d^ + A3i$^,r2$L$e 



+ A42$R/r2$L'$v^'c + A5$d; ^d'^^u'J- 



(7) 



where the A's were chosen to be real, plus similar terms for the other generations and their 
cross-terms. The $^ = $('?/'^,y4) are the superfields which contain a two-component-spinor 
field, ipA , and a complex-scalar-singlet field, A . Table | summarizes the particle properties 
of this model. 

The superpotential specifies all of the couplings between the particles of the 27's. Ac- 
cording to appendix B of Haber and Kane |16l , the Yukawa interactions are given by 



Yuk 



1 
2 



dAidA. 



iIj',s = 



dAdA, 



(8) 
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TABLE I. Table of SU(3)c «) SU(2)l ® U(1)y ® U(1)ye particle properties. 



Q 



1/2 
-1/2 



1/2 

-1/2 



V 



1/2 
-1/2 



R' 



1/2 
-1/2 



Y 
Ye 



1/3 



-4/3 



2/3 



-2/3 



2/3 



2/3 



-1/3 



2/3 



-1/3 



2/3 



5/3 



-4/3 



-1/3 



-1/3 



-4/3 



5/3 



2/3 
-1/3 



-2/3 



1/3 



-1 



-1/3 



1/3 



B 



1/3 



-1/3 



-1/3 



1/3 



-1/3 



and the scalar interactions are given by 



In Eq. d^), we have 



with 



V = Vf + Vd + V, 



'Soft 



F*F- 



Vd = - [D^D" + {D 



i/)' s = 



F = 
D'^ = gA*^A, , 



(9) 



(10) 
(11) 



(12) 
(13) 
(14) 



where g represents an SU(N) couphng constant with generators T° , and g' represents a U(l) 
couphng constant with hypercharge Y. Vso/t is a soft-SUSY-breaking term that was put in 
by hand in order to hft the supersymmetric-mass-degeneracy between m^^ and rriA '■ 



Vsoft = Vg + Vj+VHs^,,, 
12 



(15) 



with 



^Hso,, = ^A\^l? + /W2l'^2r + /isl'^sl' - 75 AA(z$fr2$2$3 + /i.e.) . 



(16) 
(17) 
(18) 



The coefficients M\ , Aa , /i^ , and A are the soft-SUSY-breaking parameters, and A = A4^^ . 
The Higgs potential can be extracted directly from Eq. (0) and is given by H,B,P1 



vh = vhs^,, + A2(i$in$2p + i$in$3p + m'm^) 
+(i/-A^)i$i<i.2r, 



(19) 



where g , g' , and (7" are the SU(2)l , U(l)y , and U(l)y^ coupling constants, respectively. 
The minimization condition M 



dV, 



H 



0, 



(20) 



VEV's 



can be used to fix the /if terms in Vng^ft [Eq. (plsl) ], where the vacuum expectation values, 
VEV's, are given by 



I ^ if ^ = 0° 
(^) = <! V 2 

otherwise 



(21) 



Therefore, we have 



j<k 



(^1 + 



AA 



where ej^fc = \eijk \ ■ The kinetic terms for the scalar fields are given by |^ 



(22) 



CK.E.^\V,^,\^=\{d,-^G,)^i\\ 



(23) 
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with (c/. 



= {gTs sin 9w + g'Y cos 6w)A^ + {gr^ cos 6^1^ - g'Y sin 6'vy)^/x 

+V2^7[r+iy^- + r.W+] + g"YEZ'^ , (24) 

where t± = |(ri ±2x2), 7i|$3) = , and g' ~ ^f" The r^'s are the Pauh matrices acting 

in isospin space. 

The $j fields have complex components, , which were chosen to be of the form PJ28 



1 

V2 



(25) 



where ^\^l\f^ and 0^^/72 are the real and imaginary parts, respectively. Therefore, the 

fields have a total 10 degrees of freedom: four are "eaten" to give masses to the 
Z, and Z' bosons, and the remainder yield ^ two charged-Higgs bosons, if^, one pseudo- 
scalar-Higgs boson, P° , and three scalar-Higgs bosons, 2 3 • The mass terms for the 
Higgs fields can be obtained from the second order terms of the expansion of VH(0fc) about 



its minimum 28 



(26) 



where 



H 



(27) 



VEV's 



is the Higgs-mass-mixing matrix. Therefore the mass terms for the Higgs fields are simply 

(.A 
I 



1 



^2/ 0?/ 03/) -^PO 



( 



1 



"Ar - ^1 02i? - ^2 (PIr - 1^3) Mho 



Ar - ^1^ 

^2R - ^2 



(28) 
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The mass-mixing matrices are 



V2 



V 



1^1 / 



pO 



^2 



( 



V v-i vl } 
Biuf + XA— B2V12 - AAz/3 B3Z/13 - \Av2 



^1 



1^13 



B2V2I - i?4l/| + \A 55^^23 - ^AVi 



^2 



1^12 



- \Au2 55Z/32 - XAui Egz/l + XA — 



1^3 I 



where Vij = UiUj . In Eq. (^Tj) 



Bi ='2(9' + /) + 1^5"' B2 = 2A2 + Is"' - + /) B, 



2A2 



18 y 



= 2A 



2 10 
9 9 



R _ 25 

Be - jgg 



(29) 



(30) 



(31) 



(32) 



The physical states are obtained by diagonahzing the terms in Cm ■ The eigenvectors for 
the charged and pseudo-scalar Higgs terms are respectively, 



H = cos /3 02 + sin f3 (pi , 
= —smP(f)f + cos P (j)f , 



(33) 
(34) 



and 



pO 



XAu^ 



\ 2m 



2 

pO 



'-<p2I + ^l:^<PlI + ^|'^<P^I 



1^2 



1^1 



^1^3 



1^3 



Z^2 



J^3 



^3 



^3 



(35) 
(36) 
(37) 



where (f)f = 
states with masses 



f)* , u'^ = + 1^2 , and tan/5 = 1^2/ J^i ■ Here, the if^ are the charged-Higgs 
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ml. = ^+(l-2^]ml, (38) 



sin(2/3) V 

the P° is the pseudo-scalar-Higgs state with mass 



and the and 2 ^^e Goldstone-boson states with zero mass. The scalar-Higgs term 
can be diagonahzed analytically, however the result is, in general, not very enlightening. For 
our purposes it suffices to resort to numerical techniques. In the unitary gauge (U-gauge) 
the Goldstone modes vanish, i.e., the G's = , and the fields become physical. This allows 
the change of basis: 

(j)^ = sm(3H^, (40) 
(pf = cos I3H^, (41) 



^^V2zP\ (42) 
nv^^P\ (43) 



(f)lj = t^v,^P\ (44) 

€r = ^^ + Y: U,,H^ , (45) 
i=i 

where k = l/y^fffl + f^ff . The Uij are the elements of the inverse of the matrix that 
was used in the similarity transformation to diagonalized the scalar-Higgs-mass term. With 
these transformations at hand it is now a straightforward matter to get all of the masses 
and couplings for the various particles in this model. 

The mass terms for the gauge fields can be found by transforming the kinetic terms for 
the $j fields, Eq. (|3D, to the U-gauge basis, Eqs. (^-(|5D, yielding: 



Z 



(46) 



As a consequence, the W mass is 

1 



mw = , (47) 
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and the Z — Z'-mass-mixing matrix is 



171%, 



(48) 



with matrix elements: 



nir 



m|, 



5rn? 



6b 
1 



12 



(49) 
(50) 
(51) 



Diagonalization of M.'z^z' yields the mass eigenstates given by Eqs. (||) and (^ with eigen- 
values 



Zi = ""^1 cos^ + (5m^ sin(20) + m|, sin^ 



= m| sin^ — sin(20) + m^, cos^ 



(52) 
(53) 



and mixing angle 



tan(20) 



— m^i 

Notice that in the large z/3 limit, — > 7r/2, and therefore Z\ Z ^ and Z2 — . In 
fact for the range of VEV's, that will be considered here, vtlz^ < rriz.^ ■ Therefore, Zi will be 
designated the role of the observed Z, at facilities such as LEP or SLC 

The mass terms for the fermions, and hence the Yukawa couplings, can be found by 
evaluating Cyuk 5 Eq. (§), in the U-gauge basis and then using Appendix A of Haber and 
Kane [|16|, to convert to four component spinor notation]] The result is 



(54) 



-^Yuk ^ ~ ^2 {"^^^^ ~^ ^^^^ ~^ ^^^^ ~^ '^^^^ ^ ^ ^ ^^o^'i C^'c^'} ■ (55) 

Therefore, the Yukawa couplings for the first generation are given by: 



^c/. Eq. ([A2^ . For a more explicit example see section 4.2 of Gunion and Haber 
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Ai 
A2 
A3 

A4 
As 



grriu 
Tn-^ sin /? 

TTly^r COS j3 

Tn^r COS (5 

72 



^^3 
1^3 



(56) 
(57) 
(58) 

(59) 
(60) 



and similarly for the other generations. 

The sfermion masses are obtained by evaluating the scalar-interaction potential, V 
[Eq. (H)], and then transforming it to the U-gauge basis: 



Jl 



(61) 



with 



(62) 



being the sfermion-mass-mixing matrix. The mass-mixing matrix elements are given by: 



= Ml + mi+^-{?,-Ax^) m| cos(2/5) - ^ g"' {u'i + 4z.| - 5z/|) , (63) 



M 



if = M2 ^ + - m| cos(2/3) - - g"\vl + 4/.^ - 5z.|) , 



M 



LR 



niu {Au - rrie' cot (3) 



(64) 
(65) 



for the Ul^r squarks; 



M 



LL 



+ - - (3 - 2a;^) m| cos(2/5) g"^ (z/^ + 4//^ - 5 
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,2, 2 



'3J ' 



+ ml-^xw^l cos(2/5) + — (7"^ {uf + Av\ 



Mlr = {Ad - TUe' tan (3) 



(66) 
(67) 
(68) 



for the dL,R squarks; 
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LL - M\ +ml + - ml cos(2/3) + — g"\pl + A^l - 5^/|) , 

1 o . X \ . 2 



^12- 



,2 ^ ' 



for the ^ squarks; 



Mif ^Ml + ml-^{l- 2xw) ml cos(2/3) + ^ /'(i/^^ + 4i/| - 5^1) , 



RR 



M'r^ = Ml + ml-x^ ml cos(2/?) - - g"' {ul + Aul - 5ul) , 



^LR = "^e (^e " fUe' tan/3) , 



for the cl^r sleptons; 



M^^^ ^Ml + ml + ^ ml cos(2/3) + 1 ^"^(^^ ^ 4^2 _ 5^2^ ^ 



M 



M; 



0, 



for the i>L,ij sleptons, and similarly for the other generations. The mass eigenstates are j 

by 



with mass eigenvalues 



m 



and mixing angle 



f f\ ( 
Ji 

yf2j 



\ 



sin^j cos9j J 



( ~f \ 

JL 
[fRj 



I - Ml^ cos2 9 J + MIj, sm{29j) + M^^ sin^ 9j , 



m% = sin^ 9f - MIj^ sm{29f) + M^j^ cos' 9f , 



tan{29j) 



Notice that for fairly large 1/3 



tan(2^,-) ^ O , 
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where the soft terms have been assumed to be large and degenerate. Therefore, in general, 
the mixing is only expected to affect the sfermions that have fairly heavy fermion partners. 

The supersymmetric partner, or spartner, degrees of freedom for the neutral-Higgs fields 
(neutral-Higgsinos), z/^^ , v'^^ and z/"^ , along with the spartner degrees of freedom for the 
neutral gauge fields (neutral-gauginos) , 7,2', and Z' , mix to form a (6x6) neutralino, x° > 
mass-mixing matrix.0 Similarly the charged-Higgsinos, and r£ , and the charged-gauginos, 
, form a (2x2) chargino, , mass-mixing matrix.^ By virtue of supersymmetry the 
neutralino and chargino mass-mixing matrices contain the same Yukawa and gauge couplings 
as their spartners, modulo soft terms. 

The real and imaginary parts of the sfermion fields, z/^^ , z/f^ , z/"^ , z>^^ , u'^^^ , and z^^'^ , 
yield two separate (6x6)-mass-mixing matrices for the neutral-unHiggses [c/. Eq. (p8| for (p^^ 
and 0°/), which contain the Yukawa couplings given in Eq. (^. In general, these mass-mixing 
matrices are expected to lead to very massive unHiggs states 0. 

The spartner degrees of freedom for the neutral-unHiggses, z/^^ , v'^^ , z/"^ , v'^^ , v'^j^^ , and 
v'l^^ , form a (6x6)-mass-mixing matrix for the neutral-unHiggsinos. Therefore, the neutral- 
unHiggsino mass-mixing matrix contains the same Yukawa couplings as their neutral- 
unHiggs partners. 

The sfermion fields e'^^ , e'^ , ji'^^ , and jl'l , yield two separate (2x2)-mass-mixing matrices 
for the charged-unHiggses [c/. Eq. (|28[| for (jyf). These matrices have a large number of 
unknown parameters and quite naturally acquire a very large mass [c/. P]]. 

Finally, the spartner degrees of freedom for the charged-unHiggses give diagonalized mass 
eigenstates [see Eq. ([55|)] which correspond to the charged heavy leptons. 



A detailed study of the x mass spectrum can be found in [30|. 

^The full form of these mass matrices can be found in Ellis, et al., and the details of how to 
obtain them can be found in appendix B of Haber and Kane pq]. 
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IV. L+L- PRODUCTION IN Er 



A. Gluon-Gluon Fusion 



Fig. § shows the Feynman diagrams used for computing the parton level gluon-gluon 
fusion to heavy leptons matrix elements. It was found that the Eg matrix element compu- 







d) 



% 




FIG. 5. Feynman diagrams for gluon-gluon fusion to charged heavy leptons. 



tations are very similar to the corresponding MSSM calculation by Cieza Montalvo, et al., 
P7| (c/. [^) and can, with some care, be extracted from their paper. The matrix elements 
are as follows: 



1. For the Zi 2 exchange diagram shown in Fig. |^(a) 



where the left-right Fermion, / , couplings are given by 



( rfZi \ 



V 



COS (p sm ( 
- sin 6 cos ( 



(84) 



such that 
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Cl% = T3^,n - ejx^ , (85) 
^'^% = l{j)ykn^^^ (86) 

where = —T^^ is the isospin, y'j^ = —y'jc is the Y^-hyper charge, and e/ is the 
electric charge. 

2. For the H^2 3 ^'^d P° exchange diagrams shown in Fig. |](b) 



(87) 



where the couphngs K-l^^^ and i^T-^^" are given by Eqs. ( [A29| )-( |X38| ). 
3. For the -ff°2,3 exchange diagrams shown in Figs, ^(c) and ^d) 

= nv^t 1^ 1 1*-^*"- E E A-f ■"(! + 2A,J„)P , (89) 

where the sfermion mass eigenstates, /i^2 , couphngs to the iff are given by 

k("' = Kif^ cos^ Oj + kI"' sin 26 j + K^f sin^ Oj , (90) 
i^/^'" = Kif'^ sin^ - sin 26 ^ + K^^^ cos^ Oj , (91) 

where K^^^^ {A, B = L,R) are the corresponding couphngs for the sfermion hehcity 
states, fL,R, with mixing angle 6^^. The K^^^' couplings are given by Eqs. (|A39|) - 



im)- 

4. For the q{Zi^2-P^) interference terms, via Figs. |^(a) and ^(b). 



,,2^,2 



X 
9 



E E [Ci'- - Cp] (1 + } . (92) 
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5. For the (g — g)if°2 3 interference terms, via Figs. ^(b)-|(d), 

'^V/3iRe{E^"^^°C^°(S) 



— a^a? 



rrir 



i=l 



E i^^^^°mj[2 + (4A, - 1)/,] E i^^-^"C^°(-1* 



xEE^r^(l + 2A,-/|)} 

g fc=l 



In the aforementioned hst of cross-section equations, 

i2 



A. 



m 



V 



Ip — Ip{\p 



1 dx 



In 



sm 



X 



-1 / 1 



1 - 



(1 — x)x 

Xr, 



2^/A. 



li Xp> \ 



I l^H^) - T + In (^) if A, < 1 



with r-t = 1 ± w 1 — 4Ap such that pe {/, /} 



em 



s — m 



c 



s — m^. + i nizT z 
I 



■5 TIT-'j^o pO ~l" ^ T^fjO po^ ffO pO 



where the Fy^^'s computations are summarized in § |A2| , and 

/5^ = \/l 



(93) 



(94) 



(95) 



(96) 
(97) 



(98) 



The details of the various components that have gone into this computation can be found in 
appendix 0. Before the parton level cross-section can be used to compute the heavy lepton 
production rates some assumptions about the parameters and masses in the model must be 
made. 

The first thing that has to be constrained are the VEV 's. It is reasonable to assume 
that fi/f2 ^ 1, since rub « rrit , for any reasonable range of Yukawa couplings Now 
the ratios Vi/v2 and V3/V2 can be constrained by looking at how the variation in the Zi {i.e., 
the "Z") mass affects x^r (= sin^^^y) such that 
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A+na 



0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Vi/ V2 = {tanjSy^ 



FIG. 6. Plot of m^^ and A contour lines as a function of V3/V2 and vi/v2 ■ The A contour lines are 
shown at the Oct, la , and 2a levels. The arrows point to toward the allowed regions on the plot (c/. 0). 
The m^^ = 500 GeV^ line shows the CDF and £'0 constraints, assuming standard couplings 
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2 /■ 

sm = 1 — < sm t^p^. 



(99) 



fj,=Tn 



w 



Xy^ijriy^) can be found by evolving x^r{Tnz) ~ 0.2319 ± 0.0005 |^ down to m^y which 



5ives x^(m^) ^ 0.233±0.035 , with ^-^(m^) ^ 127.9±0.1 [||], ^ (91.187±0.007) Gel^ 



31, and m^, ^ (80.23 ± 0.18) GeV H]. Therefore given x^^^ ^ 0.2247 ± 0.0019 H yields 



A = - ~ 0.008 ± 0.035 . (100) 

Fig. P shows the A contour line as a function of v-i/v2 and V\jv2i along with its Icr and 
2cT level contour lines. Also shown are the m^^ contour lines. Taking a la level constraint 
implies ^3/1^2 ~ C^(3.5) (c/. ^'^'^ m^^ > O{200) GeV. Unfortunately these constraints 

are not that tight due to the large uncertainty in a{m^). A stronger constraint can be found 
by using the CDF and limits on the m^^ mass assuming SM-like couplings, Fig. |^. 
This constraint is fairly reasonable since Ye's ~ 0{Y)'s {cf. table |l|). With these constraints 
V3/V2 > 0(7.5) and m^^ > C»(500) GeV. 

Figs. 1^ through ^ show mass contour plots as function of rripo and itLj^± for 
(fi/f2,t^3M) = (0.02,6.7), (t;i/t;2, ^sM) = (0.5,7.7), and {vi/v2,V3/v2) = (0.9,9.1), respec- 
tively, such that lies roughly around the GDF and limits. These figures are a fairly 
good representation of the behavior of the m^^o contour lines as a function of Vi/v2. For fixed 
Vi/v2, the contour lines change very little {i.e., < 0(5)%) for C(10) ^V3/v2 ^ (9(4.5) . This 
region corresponds to the {vi/v2, ^3/^2) parameter space for >, (9(300) GeV depicted in 
Fig. ^. Further examination of the other scalar-Higgses shows m^o is fairly insensitive to 
variations in rripo and mj^± for fixed m^^ and is slightly sensitive to variations in V3/V2, 
whereas the behaviour of rrirro appears to be quite sensitive to any variation. Fortunately 
for the range of VEV's considered here {i.e., large ^3), the only contributions to the parton 
level cross-sections turn out to be the diagrams which contain the Zi and propagators; 
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the other terms are, in general, suppressed by several orders of magnitude.^ Therefore the 
heavy lepton production cross-section is insensitive to variations in rripo and m^± . Here 
the mass will be set to 200 GeV. The corresponding mass was chosen to be 215 GeV 
for Fig. 1^ and 212 GeV for Figs. ^ and ^ which lies within the allowed regions on the m^o 
contour plots. Based on the very limited experimental constraints that do exist for super- 
symmetric models [^] these appear to be very conservative choices. They also lead to fairly 



reasonable values for the masses. 

The next parameters that need to be fixed are the soft terms. Exactly how these terms 
should behave at low energy is not clear. At the moment, their behaviour is very model 
dependent and unless supersymmetric particles are found this situation will most likely 
remain so. Here the soft terms will be treated parametrically as function of a single parameter 
rrig . In particular the soft terms will be assumed to be degenerate, Mf ^ Af ^ mg , with the 
exception of the A and A terms which were fixed by selecting the mpo and mjj± masses. The 
selection of the soft terms in this way, including A and A for nipo ^± < 0{1) TeV, typify the 
generic outcome, for the sfermion masses, of most SUS Y-breaking models, cf. . In these 
models O{0.2)TeV ^rrig < 0(10) TeV. How low nig can be pushed down depends upon the 
choice of VEV's {v^ in particular, since it is relatively large). For the VEV's used here it was 
found rrig >, (9(400 — 450) GeV. In general the sfermions with light spartners have masses 
>, 0{mg) , which are roughly degenerate (within (9(50) GeV) with their mass-eigenstate 
partners. The stops, and the exotic squarks, g'^ 2 > have splittings >0{^mt g>), for 
fermion masses O (200) rrit g> <0 (600) GeV, for low values of rrig . As rrig approaches 
0{1) TeV all of the sfermion mass become degenerate and ~ 0{mg) . 



4 



in the large limit the couplings P^L^L — > 0, via Eqs. ( |A18| ) and ( |A38 ), and HfL^L 



— {m^/vs) , via Eqs. ( A17| ) and ( |A33 ), and Eq. (4.12) of Hewett and Rizzo 0] for the Usi^s in 
this limit, to 0(1/^3). 
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FIG. 7. A plot of the mass contour lines as a function of Wpo and to^±, for vi/v2 = 0.02 and 
Vi/v2 = 6.7 (m^^ « 496 GeF). The dashed curve in the upper left-hand corner is a plot of the zero of the 
Higgs potential above which it becomes positive. 
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FIG. 8. A plot of the mass contour lines as a function of nipo and m^±, for vi/v2 = 0.5 and 
V3/V2 = 7.7 (to^j ~ 509 GeV). The dashed curve in the upper left-hand corner is a plot of the zero of the 
Higgs potential above which it becomes positive. 
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50 100 150 200 250 300 

P° Mass (GeV) 

FIG. 9. A plot of the mass contour lines as a function of nipo and m^±, for vi/v2 = 0.9 and 
v^/v^ = 9.1 (to^j ~ 499 GeV). The dashed curve in the upper left-hand corner is a plot of the zero of the 
Higgs potential above which it becomes positive. 
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Finally there is the matter of fixing the heavy fermion masses. The heavy quark masses, 
niq/ , will be assumed degenerate as will the charged heavy leptons masses, m;/ , such that 
^q',i' ^O{0.1)TeV [Q. The e'* will be designated to play the role of the charged heavy 
leptons, L"^ . 



Figs. 110 through ITB| show the rapidity distribution at y=0 for pp gg ^ L^L as 



function of , for various scenarios. The rapidity distribution, da/dy, is related to the 
parton level cross- sect ion, a{gg L'^L"), through 



da 
dy 



r''' rfrG(v^e^ Q^)G{V^e-y, Q^)a{Ts) , (101) 



where t = s/s, Tmin = 4m|/s, i/i is the center-of-mass energy, and G{x,Q^) is the gluon 
structure function. The values of y/s have been set to lATeV (LHC) for Figs. |10|- [1^, and 



l.STeV (Tevatron) for Fig. |1^. In these figures the SM couplings and masses where 



extracted from the PDG |3[, except for ^ 180 ± UGeV Q. For G{x,Q^) the leading 



order Duke and Owens 1.1 (-DO 1.1) p5|,p6| gluon distribution was used. The results were 



compared with the next to leading order MRS A gluon distribution function, which 



yielded a negligible difference. Although these results include squark mixing it was found 
that there was no significant change if mixing is not included. Since da/dy is fiat about 
y = 0, the relationship between ^\y=o and the total cross-section is immediate. Therefore 
the total event rate for the pp^ ^ gg ^ L^L~ production mechanism can be estimated from 
2/ = 0, 

r— In \/Tmin da 

cr = —dy ^ - ln(r™„) a . (102) 

"'in ^Tmin ay 



Figs. |10]-|^ show ^\y=o for different VEV's ratios along the m^^ ~ 0(500) GeV contour 
line of Fig. ^. Notice that as Vi/v2 becomes comparable to V3/V2 the large ^3 limit breaks 
down and the generally small qP^ term starts to contribute (the q{Zi 2 — P^) contribution 
also grows quite significantly but remains a negligible contribution). Therefore for relatively 
large values of Vi/v2 variations in rripo (~ f^H^ least 0{1) TeV) become important. 

However it is more natural to assume that the intragenerational Yukawa couplings are of the 
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FIG. 10. Rapidity distribution at j/ = for charged heavy lepton production at LHC [lATeV) as a 

function of heavy lepton mass, where vxjvi = 0.02 , V3/V2 = 6.7 , and rrig = 400 GeV. The mass spectrum 
for the non-SM particles involved in these processes are, m^^ ~ 496 GeV (F^^ « 20.9 GeV), nipo « 200 GeV 
(Fpo ~ IQAGeV), rrijj^ w 215 GeF, m^o « 94.3 GeF (F^o « 7.50 x IQ-^GeV), m^o « 200 GeV 
(r^o « 16.5 GeV), m^o ~ 495 GeF (F^o ~ 0.230 GeF), m^, = 200 GeF. 
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FIG. 11. Rapidity distribution at j/ = for charged heavy lepton production at LHC [lATeV) as a 

function of heavy lepton mass, where vxjv^ — 0.5 ^ v^/v^ = 7.7 , and mg = 400 GeV . The mass spectrum for 
the non-SM particles involved in these processes are, m^^ w 509 GeV (F^^ « 21.5 GeF), rupo ~ 200 GeV 
(Fpo « 2.52 X 10-2 Gey), rrijj^ w 212 GeF, m^^o « 75.4 GeF (F^o « 3.65 x lO-^GeF), m^o « 212 GeV 
(r^o « 7.49 X 10-2 GeF), m^^^o « 507 GeT/ (r^^o « 0.198 GeV), m^, = 200 GeF. 
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FIG. 12. Rapidity distribution at j/ = for charged heavy lepton production at LHC [lATeV) as a 

function of heavy lepton mass, where vxjv^ — 0.9 ^ v^/v^ = 9.1 , and mg = 400 GeV . The mass spectrum for 
the non-SM particles involved in these processes are, m^^ « 499 GeV (F^^ « 20.8 GeV^), rupo ~ 200 GeV 
(Fpo « 8.13 X 10-3 Gey), rrijj^ w 212 GeF, m^^o « 52.3 GeF (F^o « 1-87 x lO-^GeF), m^^o « 216 GeV 
(r^o ~ 1.37 X 10-2 GeF), m^^^o « 498 GeF (r^^o « 0.130 GeV), m^, = 200 GeF. 
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FIG. 13. Rapidity distribution at j/ = for charged heavy lepton production at LHC [lATeV) as a 

function of heavy lepton mass, where vxjvi = 0.02 , V3/V2 — 9-5 , and rrig = 450 GeV. The mass spectrum 
for the non-SM particles involved in these processes are, m^^ ~ 700 GeV (F^^ « 31.9 GeV), nipo « 200 GeV 



(Fpo ~ 16.5 GeF), mjj± w 21bGeV, m^o « 94.6 GeF (F^o « 7.49 x IQ-^GeV), m 



200 GeV 



(r^o « 16.5 GeV), rrijjo « 700 GeF (F^o ~ 1.04 GeF), m^, = 200 GeV. 
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FIG. 14. Rapidity distribution at j/ = for charged heavy lepton production at LHC [lATeV) as a 
function of heavy lepton mass, where vxjvi = 0.02 , V3/V2 = 6.7 , and rrig = 400 GeV. The mass spectrum is 
for the non-SM particles involved in these processes are, m^^ ~ 496 GeV (F^^ « 19.4 GeV), nipo « 200 GeV 
(Fpo ~ IQAGeV), rrijj^ w 215 GeF, m^o « 94.3 GeF (F^o « 7.50 x IQ-^GeV), m^o « 200 GeV 
(r^o « 16.5 GeV), m^o « 495 GeV (F^o « 0.138 GeF), m^, = 600 GeF. 
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FIG. 15. Rapidity distribution at j/ = for charged heavy lepton production at LUC (14TeF) as a 

function of heavy lepton mass, where Vi/v2 = 0.02 , V3/V2 = 6.7 , and nig = 1 TeV. The mass spectrum for 
the non-SM particles involved in these processes are, m^^ « 496 GeV (T^^ « 20.9 GeV), rupo ~ 200 GeV 
(Fpo ~ 16.4 GeF), mjj± w 215 GeF, m^o « 94.3 GeF (F^o « 7.50 x lO-^GeF), m^^o « 200 GeV 
(r^o « 16.5 Gel/), m^yo « 495 GeV (F^o ~ 0.230 GeF), m^, = 200 GeF. 
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FIG. 16. Rapidity distribution at y = for charged heavy lepton production at the Tevatron 

(1.8 TeF) as a function of heavy lepton mass, where vxjv^ = 0.02, V3/V2 = 6.7, and rrig = 400 GeV. The 
mass spectrum for the non-SM particles involved in these processes are, m^^ « 496 GeV (F^^ w 20.9 GeV), 
rupo w 200 GeV {Tpo w 16.4 GeV), mjj± w 215 GeV, m^o ~ 94.2 GeV (r^^o « 7.50 x lO'^GeV), 
m^o « 200 GeV (r^o « 16.5 GeV), m^o « 4:95 GeV (F^o « 0.230 GeV), m^, = 200 GeV. 



37 



same order of magnitude and therefore for Vi/v2 to be small. For the rest of these figures 
then, it will be assumed that Vi/v2 = 0.02 . Fig. Iin is the figure with the default values. 



Fig. |T3| shows what happens when a larger Z2 mass of O{700GeV) {i.e., V3/V2 = 9.5) 
is used. For this figure rrig had to be pushed up slightly to 450 GeV, in order to produce 
physical squark masses. The noticeable difference between this and all of the other figures 
is that the peak has broadened. This is expected since the Z2 can remain on-shell for larger 
values of . Notice that the resonance cut off seems to follow the Z2's. More precisely, 
m^o ^ large v^. This becomes immediately evident when taking the large W3 limits 

of the if? and Zi mass mixing matrices, Eqs. ( ^T]) and (148|) respectively: 



hm m^o = hm m|, = - vj ^ - ^'^^l'^^^]''^ ^| , (103) 

which is in fairly good agreement with all of the figures. Also the overall production is 
slightly suppressed due to the smallness of the gluon distribution function at large momen- 
tum fraction. 



Fig. [T3 shows what happens when the heavy quark mass was pushed up to 600 GeV . 
The effect is quite dramatic. To see why this is so, notice the slight kink in the curve around 
ni]^ 600 GeV . There is also a much more significant kink in all of the other graphs around 
200 GeV^, i.e., around m^,. Further examination of the parton level cross-section 

shows that kink occurs when the heavy quarks in the loops can no longer be on shell. 

In Fig. |l^ the scalar mass was pushed up to 1 TeV . Increasing mg has caused the terms 
involving the squarks to be supressed by several orders of magnitude. The difference between 
the heavy and light squark cases is that, for heavy squarks, the gluon luminosity is relatively 
small in the kinematical region where the squarks in the loop are on shell. The qH^ term 
now enhances L^L~ production, below the m„Q threshold, as the destructive interference 
with qH^ term, i.e., (g — q)H^ , has been suppressed. 

Finally Fig. |T6| shows what happens at ^/s = l.STeV, the Tevatron. The overall 
topology is the same as depicted in Fig. |TD| but the L^L^ production rate is dramatically 
reduced: very little gluon luminosity is available to produce these heavy particles. 
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B. Drell-Yan 



Fig. T? shows the Feynman diagrams used for computing the parton level Drell-Yan 
contribution to heavy lepton production P,BH] . Drell-Yan production of heavy leptons occurs 




FIG. 17. Feynman diagrams for Drell-Yan production of charged heavy leptons. 



through an s-channel 7, Zx or Z^- The differential cross section for this process can be 
expressed as follows: 



(M 647r 



(104) 



The "direct" squared matrix elements (the first three terms in the above expression) are 
given by 

2Gf 



IMP 



(105) 



+ \{<f + {<f\ [[K)' + (4)'](2mi(S - mi) + + P) - \{v^^f - {a^^)\2mls)\ } 
while the interference terms are given by 



,2\ I -2 I T2\ 



{vlvi + alai)(2mi(5 - mi) + «^ + t^) - {v^L^ - a\a\){2mis) 
+ K«^, + + a>i)(2mi(£ - n) - (F - ^2))} . 



(106) 



In the expressions above, i and j can be 7, Z^ or Z2; Mj and Fj are the mass and width of 



the gauge boson; m^ is the mass of the heavy lepton; = e and Gz^ = Gz2 = dl ~ ^ 



w 
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li i = 'J, Vj = Qf and = for both quarks (/ = q) or the heavy lepton (/ = L). If 
i = Zi,2, v} = [CH + )/2 and a) = {C{i - &l)/2, where again / = {q,L) and the 
couphngs C{^L are given by Eqs. ( p5D and (^). Also, s, t and u are the usual parton level 
process Mandelstam variables: (m| — t) = s{l — P cos6')/2 and (m| — u) = s(l + /5 cos 9)/2, 
where 6 is the angle between the outgoing L~ and the incoming quark q. 
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FIG. 18. Drell-Yan rapidity distribution at y = , as a function of , for L^L~ production at LHC 
and the Tevatron. The DOl.l [ ^5|j3^ ] quark and anti-quark parton distribution functions were used to 
obtain these results. 



Fig. shows da/dy\y^Q , as a function of , for Drell-Yan production of L+L at 
LHC and the Tevatron . These results are shown for the regions of the Eg parameter 
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space that was explored for gluon-gluon fusion, in the previous section: i.e., m^^ = 500 GeV 
and 700 GeV for LHC, and m^^ = 500 GeV for the Tevatron. Notice that Drell-Yan 
production becomes rapidly suppressed for 2m2^ > m^^ • ^2 niust now go ofF-shell to 
produce the heavy lepton pairs. 

In contrast to gluon-gluon fusion, the LHC results for Drell-Yan production are in gen- 
eral, higher by an order of magnitude. For the Tevatron results the difference is quite 
dramatic! At the Tevatron, a pp collider, Drell-Yan production occurs mainly via the q 
and q valence partons from the p and p, respectively; at the LHC, a pp collider, the q e p 
must come from the sea. The gluon distribution is more similar to sea quark distributions 
than valence quark distributions, which explains why gluon-gluon fusion is comparable to 
Drell-Yan production at the LHC, bit not at the Tevatron. 



C. Results 



Fig. |T9| gives a summary of the total cross-section for L^L~ production for the Eg model 
parameter space studied in the previous sections. At the Tevatron C(10^^^) events /yr 
are expected for ^ (9(300) GeV , all of it coming from Drell-Yan production {i.e., gluon- 
gluon fusion yeilds ^(9(0.1) events/yr). For LHC, over a reasonable range of parameter 
space, C(lO'^-i) events/yr are expected. 

The charged heavy lepton in the MSSM model ||2^ is a member of a sequential 4*^ 



generation added arbitrarily to the model; the lepton masses were chosen larger that 50 GeV 
and the quarks larger than 150 GeV. For m^^ (9(250) GeV the LHC results are comparable 
in order of magnitude to the MSSM predictions, obtained by Cieza Montalvo et al. p7| , 



which predicts O{10^) events/yr. However, the dominant mechanism in the MSSM model 
is gluon-gluon fusion and for Eg this contribution yields (9(10^^^) events/yr , which is a 
factor of at least 10 less than MSSM results. This is a rather surprising result since it 
was expected that the Eg event rate would be enhanced due to the greater number of heavy 
particles running around in the loop. The parameters in each model were varied to study 
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FIG. 19. Summary plot of results for the total L+L production cross-section at LHC {y/s — 14TeV, 
C ^ lO^pb^^ /yr) and Tevatron {^/s = l.STeV, C ^ lO^pfe^^/yr) energies as a function of m^. The 



hatched regions are the LHC results for gluon-gluon fusion, from Figs. |lC-15, and Drell-Yan production, 
from Fig. The dash-dot lines are the Tevatron results for gluon-gluon fusion, from Fig. and 
Drell-Yan production, from Fig. nsl 
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this non-intuitive result. Unfortunately, it turns out that the Eg parameters suppress L^L~ 
production, since ^3 is fairly large. This restriction causes the production to occur mainly 
through the Zi^2 and ifg terms. The MSSM has two neutral Higgses and one pseudo-scalar 
Higgs that are allowed to contribute to the processes. A very simple test on the Eg model was 
done by varying v^/v2, about fi/t'2 = 0.2, that showed for V2,/v2 = 2.8 and rrii < 100 GeV^ a 
factor of 10 increase was obtained. However, this region of Eg parameter space is forbidden, 
see Fig. 

It appears that the Drell-Yan mechanism, used in includes only the the s-channel 



photon diagram. We find that the inclusion of the Z leads to a factor of 10 increase 
in the L^L^ rate, which puts Drell-Yan on equal footing with gluon-gluon fusion for 
rrij^ < (9(100) GeV, in the MSSM with a fourth generation. 

The u^W^, v^H^ decay modes are expected to be similar for both models, as 

these are SM-like decays. These modes depend upon the mass difference A = — m^^ . 
For A < uit^ « mjj± the decays modes will be by virtual W's, W* — > //, and on 
shell for A > m^y. Leptonic decays of the VT's offer the possibility of detection by 
measuring production with missing transverse momentum, The competing 

SM backgrounds with these processes are pp t^t^ , W~^W~ , Z^Z^. Studies have shown, 
using SM couplings, that it is possible to pull the L^L~ signals from background for A > 



given sufficiently large event rates; it is much more difficult for A < m^r P7| , |39| , ^ 
In general the MSSM event rate is higher than Eg, and therefore detection would more 
likely indicate a MSSM candidate. If ttLj^^ ^ 0{m^r) , then fifj dominates, for 

naturally large values of tan/5. Since the Higgs likes to couple to massive particles, this 
would lead multiple heavy jet events which in general would be very difficult to pull out 
of background in either the MSSM or Eg. Similar processes are expected to occur for the 
cases m^r < A < mjj± and m^r ,m^± < A . For large enough m^±, the sfermion channels 
also open, i.e., — > fif* {e.g., ud*). The sfermions would eventually decay out leaving 
only the lightest supersymmetric particles (LSP's), which will escape undetected along with 
the z/^'s leaving lots of ^rp. In fact, all of the aforementioned process will lead to events 
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with frp^as the z/^'s will pass through the detector. 

In certain regions of the MSSM and Eg model parameter spaces it may be possible to 
distinguished between the two models. If L^L^ event rates are larger than those predicted 
by Eg, then the likely candidate is the MSSM. Unlike the MSSM, it is possible that < 
m^y in Eg and therefore if if^'s are found in this mass range the more likely candidate 
would be Eg. Another possible way of telling the models apart is to look for sfermion 
production, f f* ,ff, which is unique to Eg, since has opposite R parity to the 

other 5'M-like fermions in the 27's (Fig. |l]). The sfermion would eventually decay to an LSP 
which is stable (assuming R parity conservation), yielding jets+^rp , in general. Whether or 
not it is possible to distinguish them from the MSSM and the S'M-like backgrounds would 
require a much more detailed study, as the allowable parameter space for sfermions masses 
and Yukawa couplings is quite large. Finally, the MSSM does have fairly stringent unitarity 



constraints on the heavy lepton and heavy quark masses as a function of tan (3 ||2^ , in 
particular <, (1200 GeV) cos (3 . Therefore, it should be possible to eliminate (m^, tan (3) 
regions in the MSSM L^L^ production cross-section plots, as a function of , such 
that only Eg models are allowed. For example, assuming m^o ^ 0(600) GeV rules out the 
MSSM for >, 242 GeV and tan /5 5. In the allowed MSSM region this gives an upper 
limit on the L^L^ production cross-section of O{10)pb, at LHC. Also in the MSSM there 
are phenomenological constraints on tan (3 which could allow for further restrictions. A more 
detailed study of these constraints has not been carried out. 

In closing, it should be pointed out that only a simple model of Eg has been considered. 
It is possible for other Eg models to produce results similar to the model studied here or 
to the MSSM. Therefore, in general, L^L^ production by gluon-gluon fusion should not 
be considered a definitive means of separating out the different models; several experiments 
would be required. 
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V. CONCLUSIONS 



The pp gg ^ L^L^ production cross-section was computed for a simple rank-5 Eg 
model. For a fairly conservative survey of the various parameters in the model we expect 
O(lO'^-i) events/yr at LHC, and C(10^=^^) events/yr at the Tevatron. For LHC and the 
Tevatron it was found that Drell-Yan production dominated over gluon-gluon fusion for 
2m^ < m^^ . For the TEVATRON events are only expected to be seen for Olm^^) , 

as the Drell-Yan and gluon-gluon fusion rates drop rapidly beyond this point. The LHC 
results were compared to the MSSM^s (O(IO^) events/yr in which gluon-gluon fusion 
is the dominant production mode. The gluon-gluon fusion contribution to L^L^ production 
at LHC (0(10^^^)) was found to be at least a factor of 10 less than the event rates predicted 
for the MSSM, due the CDF and soft limits {i.e., assuming SM couplings) placed on 
These soft constraints resulted in the iff 2 ^^'^ -P" contributions to the L^L~ 
production rate to be suppressed leaving only the H^ and Zi 2 to contribute. For certain 
regions in the MSSM and Eg parameter spaces it was demonstrated that it is possible to 
distinguish between the two models, in principle. However, it should be pointed out that 
there are many candidate Eg models which could yield overlapping results. 
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APPENDIX A: COUPLINGS AND WIDTHS FOR a{GG L+L') 

This appendix gives a summary of the calculations that were used to obtain the couplings 
and the widths for the cr^gg L^L^) matrix elements given in § |V|. 
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1. The Couplings 

In this section the calculations of the vertex factors used to obtain the gg L^L~ 
matrix elements, given in § |V|, are summarized. 

For the Zi^2 exchange diagrams shown in Fig. ^(a) the following vertex factors were used 




^T^fC'f'i^L + C'f'PK], (Al) 



Vl - Xw 



where z = 1, 2, 

Pl = \{1-1,). (A2) 
Pr = \{1 + 1,). (A3) 

and C|^' and were the couplings used in Eq. (p3|) . The gauge- fermion interaction 
Lagrangian for SU(2)l ® U(1)y ® U(1)e is given by 

-Cint 5 - ^ {QLr'^.Ll + gyS^jYYY^ + gE^.E^) ^,a^^^^ , (A4) 



where the ^pi^s are two-component spinors, see Eq. (B.2) of Haber and Kane (HK) ||16|| . 
Defining g = gL , g' = gr , g" = gE , and Y = Vyi(= 2(5 — fs), and using the identities 

aL^ + bV^ = {acosOw — bsm9w)Z^ + {asinOw + bcos9w)Afj, , (A5) 
E, = Z'^, (A6) 



then Eq. ( |A^ ) becomes 

where T3 = 73/2 , x; = cij , tan 9w = g'/g , and xw = sin^ 9w ■ Noting that 
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{%-Qxw)\n> =-{n-Qxw)\fR> 



(A8) 
(A9) 



yields 

L COS uw A 



Using the following identities 



(All) 
(A12) 



to convert from two-component to four- component spinor notation yields 

Antg ^pL_ f[{T,,-efXw) ^ + \i^-\y'f,VT^ ^']pAf. (A13) 



see Eqs. (A. 28) of HK ||T6l. Then the Z-Z'- vertex factor is 




^7" 



(AM) 



where the C{^^^'^ 's are defined by Eqs. (|85D and (^61). Using the inverse of transforma- 
tions (0) and (01), 



COS (f) — sm ( 
sin (h cos < 



(A15) 



yields the desired result 



(A16) 



z.e., vertex factor lAT 
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For the H^2 3 exchange diagrams shown in Fig. |^(b) the following vertex factors 

were used 



and 




(A17) 



(A18) 



respectively, where i = 1, 2, 3 . The K^^^ and K^^ couplings are obtained from the Yukawa 
interaction part of the Lagrangian given by Eq. (||): noting that Sij = {iT^)ij and plugging 
W, Eq. (0), into Eq. (|) yields 

+ A4[$3(^i?,'V'L' + IpL'-lpR') + $3(^i?'-V^L' + V^L' V^H')] 

+ A5[$3(V'<V^di + V'diV^^ ) + mi^d'ii^d'^ + i^d'Jd'i )]} , (A19) 

+ As [(t>l {^d'l ^d', + ^d', ^d'l ) + 03* i'd'^ + ^< )] } , ( A20) 
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and similarly for the other generations. Defining 

/ 

and using the following identities 



^fh^^H = ^f^^f^L = ^^^^^^ ' 



see Eqs. (A.24), (A.25), and (A.28) of HK [|T|], implies 



-|A.[0°/(l-75)/ + 0f/(l+75)/], 

-A, [Re(0;)/7-nm(0°)/75/], 
-75 (0,V7-^0;//75/). 



Expanding the 0°'s in terms of their physical fields, Eqs. (^Ol)-(^), yields 
'C.Yuk ^ {^1^2 uu + A2Z/1 dd + A3Z/1 ee + A4Z/3 e e' + A5Z/3 J'rf'j 



Eq. (55) 



1 ^ 

-^Y. {^if^2i + f/ii(A2 dd + As ee) + f/3j(A4 e'e' + A5 d'd')} 



+ -^{Ai^;i3 + V23{X2 d-f5d + A3 e75e) + Vi2{Xa e'75e' + A5 (i'75(i')}P° 



The couplings can now be read directly and give, via Eqs. 



K 



uH? 



sin P 



u. 



2i 1 



cos p 
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K''^° = ^Us,, (A31) 
91^3 



K^H^.=JL^Uu, (A32) 



for the scalar Higgs fields, , and 



COS P 



ir^'^" = ^t/3., (A33) 



^ = —-5 , (A34) 
sm p 



K"'' = ^KV23, (A35) 

cos p 



K^'P' = '^KV,2^ (A36) 
9V3 



K'""" = -\ KV23 , (A37) 
cos p 

^e'P" ^ 2rrv ^^^^ ^ ^^3g^ 

for pseudo-scalar Higgs fields, P° . 

For the H^2 3 exchange diagrams shown in Figs, ^(c) and|^(d) the following vertex factors 
were used 

--"LJ .Z' = -^p^K{f, (A39) 

V 1 - xw 

' Ia 

where A, B = L, R . The k,^^ couplings, which were obtained from Eq. (|), are as follows: 
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k'^"'^ - 



(A54) 



for the slepton-Higgs couplings. The mass eigenstate couphngs ' , given by Eqs. 
and (pip, were obtained by inserting 



( f ^ 

JL 



( 



cos — sin I /i 



y sin^^jr cos9j J yf2j 



which is just the inverse of Eq. (^), into the scalar potential. 
The corresponding pseudo-scalar-Higgses couplings 



(A55) 



/I 



B 



pO 



(A56) 



" fA 

are obtained in a similar fashion as above: i.e., 



K 



uP° 
AB 



- e 



AB 



2 Juf, + z/Vf 



I + vl)\ + A„z/3 cot Z?] Ai 



(A57) 



f^AB 



^1 



'^^ 2 Jul, + 



>2 + ^1 



)A + V2AdZ/3tan/? 



A2: 



(A58) 



i^AB 



^3 



^^3 



\5 , 



for squark-pseudo-Higgs couphngs, and 



K 



eP° 
AB 

.v,P° 
^AB 



'^^ 2 Jul, + u^ul 



+ ul)\ + v^AeZ/3tan/3 







for the slepton-pseudo-Higgs couplings, where 

1 ii A = L, B = R 



-AB 



li A = B 
-1 ii A = R, B = L 



(A59) 



(A60) 
(A61) 



(A62) 
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In general, these couplings will also mix to give the mass eigenstate couplings ; which 
are defined in a similar fashion to Eqs. (^) and (|9TD. 



2. The Widths 



In this section all of the tree level two-body decay widths for Z2 , , and Pq are 



computed. Therefore the generic two body decay formula is given by |41 

ma 



S\Ma,\^ 



O niQ 



rrib 



(A63) 



where rrii , i = 0,a,b , are the masses of the particles, pi , in the decay process po paPb 



\ 



ml 



ml 



(A64) 



such that [3ab = /5a if a = 6 , 5* is a symmetry factor for the out going particles, pa and pb , 
and A^ab is the amplitude for the process. 



a. r 



Z2 



For the Z2 width, the following processes need to be computed: 



The Z2 —>■ W^W width, which can be found in Hewett and Rizzo [1], is given by 



r(z2 ^ w+w- 



g'^niz^ sin^ fmz^\ „ 

Pi 



w 



192tt{1 — xw) \mz / 
The Z2 — > qiqi, hh vertex factors are given by 



1 + 20 



m 



w 



TTlr 



+ 12 



m 



w 



(A65) 




Uf{p) 



(A66) 
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which were obtained from Eq. ([A16|) by converting to the V — A basis: i. 



where 



which yields 



Therefore 



aPL + bPR = Vf - a/75 



Vf = ^{a + b) . 
aj = l{a-b) 



1 



w 



X spin 

= I g^[vj{ml^ + 2m)) + a){ml^ - Am))] . 



Plugging this into Eq. (|A63|) gives 



9 

T{Z2 ff) = c/ — mz^pf 



'Z2 / \ ^Z2. 

where Cj is a colour factor which is 3 for quarks and 1 for leptons. 
The Z2 (jiq*, hi* vertex factors are given by 



J?* 



Pi\ ' 



where fk=i,2 are sfermion mass eigenstates, and 
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Vf + ttf COS 29 J ; a i = j = 1 
Vf — Gf cos 29 J ; a i = j = 2 
—ttf sin 29 J ; if i 7^ j 

The vertex factor is obtained by follow steps similar to Eqs. 



-CT) 



(A75) 



2 v-:'!^ At 

-^9 ' 



VI - i=i A=L,R 

followed by transforming the sfermions to their mass eigenstates by using Eq. ( [A55| ) 
D j^ilCi^' cos' 9f- + ' sin^ 9j] f* dj\ 



(A76) 
(A77) 



y/1 — Xw j=i 

+ [C[^^ sin^ 9j + ' cos' 9j] /* 9^/2 



and then changing to the V — A basis, via Eqs. ( |A67D -( |A7T|) , to get 



(A78) 



Therefore 



(A79) 



/ /* 



12 2 2 o2 
39 ^Zi'^ijPf.f^ ■ 



(A80) 



Plugging this into Eq. (|A63|) gives 



9 ^Z, 2 n2 

487r ''^f^f^ 



(A81) 



For the range of VEV's that will be consider here {i.e., large in particular) the Z2 
ZiH°, W^±i/=F^ H^H^, H+H-, P°Hf widths can be approximated by 



r(Z2 + s) 



w 



mn(l - X 



■ m 



Z2 ' 



(A82) 



WJ 



where the H^Hj contributions are kinematically forbidden or suppressed 
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The Zi — > XiXj) XiXjj widths are quite difficult to compute, due to the complex nature 
of the mass matrices, and can contribute as much as 10-20% to the total width, neglecting 
phase space suppression Here its contribution will be taken as 15%; this approximation 
proved to have no noticeable impact on L+L^ production. 

h. r^o 

For the widths the following processes need to be computed: 

^.^fe, T4/+W--,g,g,-, x^^l, x+Xfc, ml^ Ul. H^Hl H+R-, P^PK 
The —>■ ZjZk, W~^W^ vertex factors are given by 



^CyX g^u , (A83) 



where 



Cz;z, = Czk cos^ 4>-2 Czz' sin 2(j) + C^;^, sin^ , (A84) 
CzL = Czl cos 20 - (Czl - C^z) sin 20 , (A85) 
Czlz2 = ^zz sin + 2 C^^, sin 20 + C^;^, cos^ , (A86) 



for the Zj's, with 



Cfz =\i9 cos 9w + g sin Q^f {UuVi + U2iV2) , (A87) 

Czl = ^(9 cos V + 9 sin 9^) {UuVi - AU2iV2) , (A88) 
o 

ffO a" 

Cz'z> = — (f/n^i + 16f/2.^2 + '2bU^^v^) , (A89) 
6b 



and 
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w+w- 



{UuVi + U2iV2) , 



(A90) 



for the W's. The vertex factors, Cy^y^ , were obtained by plugging Eq. (|A15D and Eqs. (^Of) 
(^) into the kinetic terms for the scalar-Higgs fields, Eq. (^31). Therefore 



22 l^l^iPa, >^a)Cy;y^el{pb, Xb)9 
2 



4(mamfe)2 
which yields, via Eq. ( |A63| ) , 



_ 2{ml + ml) {ml + mlf + 8{mambf 

r n ~r A 



m]jo 



m 



^ _ 2{ml + ml) {ml + ml)'^ + Sjmqmbf 



647r(mam;,)2 

where 5 = 5 for identical Zj's, otherwise 5 = 1. 
The Hf — > gj^j, //j decay width is 

327r V^iw'/ 

via Eq. ( |A63| ) with amplitude 

where the i^'-^^*" couplings are defined by Eq. ( |A17|) . 



m 



HO 



mjjo , 



For the scalar processes cfxp* the vertex factor is 



(A91) 



(A92) 



(A93) 



(A94) 



Pb/ . 

H? 



C. 



Pa 



which yields the decay width 



IGirm 



HO 



(A95) 



(A96) 
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via 



Eq. ( |A63| ) , with amplitude 



ir^»° 1 2 



(A97) 



For QjQk^ ljl*k the vertex factors are 



_ gmz fHf 



where the K^j^ ' couphngs are given by Eqs. ( A29|) -( |A33| ). For 



(A98) 



the vertex factors are: 



U 



12 



11 



6b 



^22 



21 



+ 7:/'f/3if/32 - A2(t/nf/l2 + f/3lf/32) 

y 



^^2 



^31 



36 



9"\UnUu + miU22) - X'iUnUu + U21U22) 



32 



72 



C;;g^o = -\A ([/i3f/2lf/31 + t/llt/23t/31 + UuU2lUs3] 



2 

+^f/l3 



-1 

24 



{g"' + 9g^ + 9g'')U!, - (1,"^ - 1/ - 1/^) f/, 



2 

21 



^ /'2rr2 



11 



+ |:^?"'f^3lf/33 - X\U2lU23 + t/3i?733) 

35 



-1 .2 ^ 1 
+4 



+ Tfi'^ + 75''' ) t^2lf/23 



4^ 



^1 



'23 



-^9" + I9' + y) Ul - ^(16,"^ + 9/ + 9/)f/i 



+ Y^/ f/31 - 2^ (f^ii + ^31 



21 



+ g/ t/3lt/33 - A'(t/iit/i3 + t/3lt/33) 



V2 



(A99) 
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^31 



33 



|^^3, 



(AlOO) 



Cffz/o = ^ (^13^22^31 + t/l2t/23^31 + ^^13^21 ^32 
+C/11C/23C/32 + U12U21U33 + C/11C/22C/33) 
- { (^/' - |/ - |/') (^12^21 + t/llt/22)t/: 



13 



+ V + 9/)C/nC/i2 + (^/' - - Ig"') f/2iC/22 



/^31^32 + X''{U2lU22 + UsiUs2) 



36 

-X^{Ui2U2lU23 + C/11C/22C/23 + U12U31US3 + UnU32U33)vi 



^/(^12t/31 + t/ll^32)t/33^^1 



23 



9" 4 
1 

9 



g"' - -/ - \g") f/iiC/12 + {^/' + \g' + ^/') c/2if/22 



- ^ /C/31C/32 + A^(C/nC/i2 + U31U32) 
9 



- ^/'(t/22C/31 + C/2lC/32)t/33|^^2 



-X^{Ui2UnU2l + U11U13U22 + U22U31U33 + U21U32U33)V2 



+ 
+ 
+ 



{ 9"\UuUi3 + 4C/22C/23) - A2(C/i2C/i3 + U22U23) 



36 



g"\UnU,3 + 4^/21^23) - A2(^ii^i3 + ^21^23) 



C/31 

^32 



^ / (C/iiC/12 + 4C/21C/22 - I5C/31C/32) - A2(C/nC/i2 + U2iU22)\ U33 \ V3 , (AlOl) 



^hIhI = 2 (^13^22^/32 + ^12^23^/32 + ^12^22^33) 



^13 



-1 

24 



2 

22 



12 



+ ^g"'U32U33 X\U22U23 + f/32f/33) 

36 



-^g"'' + \g' + y]U22U23 



Vl 



+ [U23 

_5_ „2 

18 



-1 



1 



18' 



^g" + ig" + y UI2 - ^mg"' + 9/ + 9/)c/i 



24 



22 



+ 7^/^t^32-^A^(t/lUt/|2 



+ \g"'U32U33 - A'(C/l2C/l3 + U32U3^)\ | ^^2 



^32 



36 



g"\UuUl3 + 4t/22t/23) - X\Ui2Ul3 + U22U23) 
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33 



for the neutral-scalar-Higgses; 

-1 



C 



H+H- 



{vi{3g^ + / - 4X^){Uu + U2i cot P) 



4(l + cot2/5) 

+ - / + ig"') (VlUu COt^ /3 + V2U2^) 

+ y''[viiv,Uii + lW2i cot/?) - 5^73(1 + 4 cot2/3)f/3,] 
y 



+4 (A\3(l + cot^ /?) + A cot 



3j 



(A102) 



(A103) 



for the charged-scalar-Higgses; 



2 1 ^"^ 2 ,2^M 

rriz cos 2p — - ( — ) rriy^ — A — 2~ 



9 V ^? 



V1V2 



-XivfUu + Vp2r) - yVsivf + vi)U3i - XA {v,Uu + V2U2^ + V3U3,) 

V3 



, 5 ;;2 

+ 36^ 



2„,2 



^1^2 



(viUii + Av2U2i - 5v3U3^) + v^iAv^ + vl)U- 



3i 



(A104) 



for the pseudo-scalar-Higgses, which were all extracted by plugging Eqs. (^OD-(^) for the 



physical Higgs fields into the Higgs potential, Eq. (19). 

The Hf — > XjXfc) Xj^Xk decay processes are quite complicated to compute. Here a 
simple approximation was made in which for rripo < (9(500) GeV its contribution to the 
width was 15%, otherwise 50%. This addition had a negligible affect on L+L^ production, 
since nipo = 200 GeV. 



c. r 



pO 



For the P° width the following processes need to be computed: 

po _^ z,z,, w^H^, M,, hk, x-x?, xtxj, m], U] . 

For P° ZiZj^ W^H^ the widths are zero since here rripo < ^i^d mpo ~ "^u^ 
see Figs. |^-^ and discussion therein. 
The P° qiQi, iJi decay widths are 
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327r \my^) 

via Eq. ( |A63| ) , with amplitudes 

where the K^^^ couphngs defined by Eq. ( |A18| ). 
The P° — s> qjOX, Ijll decay widths are 



mpo 



fjfk 



Via 



Eq. ( |A96| ) , with vertex factors 



jk ) 



■^^4 VI - Xw 

where the Kjl^ couphngs are given by Eqs. (|A34|) -( |A38|) . 

In this work rripo was fixed at 200 GeV. At this mass P° 



suppressed 
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